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In order to investigate the effects of probe support on the stall characteristics of micro compressors, an experi- 


ment was carried out on a large-scale low-speed research compressor according to the principle of geometric si- 


milarity. A cylindrical probe support intruding to 50% blade span was mounted at 50% chord upstream from the 


rotor blade leading edge. The static pressure rise characteristic of the compressor is measured, with and without 


the probe support respectively. The dynamic compressor behavior from pre-stall to full stall was also measured. 


The results indicate that the stability margin of the compressor is lowered after installing the probe support. The 


stall inception is aroused by modal wave disturbances. The disturbances developed into two stall cells smoothly 


before installing the probe support, while the disturbances first developed into a single stall cell then splitting into 


two stall cells after installing the probe support. The presence of probe support lowers the initial intensity of the 


rotating stall of the compressor, while it doesn’t alter the intensity of the rotation stall after the compressor enters 


into full stall. 
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Introduction 


Aerodynamic probes are widely used to measure the 
aerodynamic performance of compressors. However, 
placing probes in the compressor would cause flow 
blockage, which affects the original flow structure in the 
compressor [1]. It is commonly assumed that the effect of 
probe on the flow filed is negligible, while it indeed 
causes a negative impact on the performance of com- 
pressors at all rotating speeds. The blockage effect is 
more severe in micro compressors, which will lower the 
stability margin and even trigger stall in some cases. 

Some relative researches have been carried out to in- 
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vestigate the effects of probes on the aerodynamic per- 
formance of compressors. Simon Coldrick et al [2] per- 
formed a 3D numerical simulation of a cylindrical probe 
fixed at the leading-edge of a stator at mid passage. They 
concluded that the probe changes the velocity and pres- 
sure distribution around the probe. Lepicovsky [3] car- 
ried out an experimental investigation of distortions of 
the rotor exit flow field caused by a rotating aerodynamic 
probe mounted in the rotor. The results show that the 
presence of probe leads to a depression in pressure and 
axial velocity component. Moreover, He, et al [4-6] con- 
ducted both experimental and numerical research on the 
effects of airfoil-probes on the compressor performance. 
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They concluded that the airfoil-probes have a negative 
influence on the compressor aerodynamic performance at 
both design and off-design operating conditions. 

Actually, it will cause inlet distortion to the compres- 
sor after inserting the probe upstream of the compressor 
rotor. Zhang, et al [7] conducted experimental research 
on the correlation between the inlet distortion and the 
rotating stall, they conclude that the asymmetric flows 
caused by the inlet distortion initiate large scale distur- 
bance before the onset of rotating stall, but the frequency 
of rotating stall is not altered. Jiang, et al [8] also per- 
formed experimental research on the influence of inlet 
distortion on the stall characteristics of a low speed axial 
compressor. The results indicate that the inlet distortion 
changes both the stall inception patterns and the intensity 
of rotation stall. Lin, et al [9] found the stall inception 
phenomenon of long-to-short length-scale transition in a 
compressor with inlet distortion. 

Until now, few researches on the effects of probe on 
the stall characteristics of compressors have been pub- 
lished. This paper presents an experimental investigation 
of effects of the probe installed upstream of the rotor on 
the stall characteristics (stall inception pattern and inten- 
sity/frequency of rotation stall) of an axial compressor. 


Test Facility and Measurement Layout 


The experiment is carried out on the low-speed large- 
scale axial compressor (LLAC) in Beithang University. 
The compressor consists of 17 rotor blades with C4 air- 
foil. Detailed design parameters are given in Table1. 

The geometrical size of the probe support is set ac- 
cording to the geometrical similarity principle, this paper 
aims at investigating the effect of probe on the stall cha- 
racteristics of micro compressors. 

As shown in Figure 1, a cylindrical probe support in- 
truding to 50% blade span was installed at 50% chord 
upstream from the rotor leading edge. The diameter of 
the cylindrical probe support is 40mm (length 100mm), 
and it occupies a projected area ratio of 0.8% to the 
whole flow passage. 


Table 1 Parameters of the compressor rotor 


Parameters Value 
Outer diameter (m) 1 
Hub to tip ratio 0.6 
Design speed (r/min) 1200 
Design mass flow rate (kg/s) 22.4 
Blade chord (mm) 180 
Blade height (mm) 197 
Blade camber angle (degree) 26.5 
Blade stagger angle (degree) 33.4 
Rotor tip clearance(mm) 3 
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Four static pressure taps are distributed uniformly at 
both 150% chord upstream from the rotor leading edge 
and 250% chord downstream from the rotor trailing edge 
on the casing to measure the overall compressor perfor- 
mance. The measurement error of the static pressure taps 
are less than 0.1%. 

Eight dynamic pressure taps named as PO, P1, P2, P3, 
P4, P5, P6, P7 respectively are located uniformly around 
the annulus on the casing at 10% chord upstream from 
the rotor leading edge (Figure 2) to record the signal 
from near stall condition to full stall. The sampling rate is 
20 kHz. The measurement error of the dynamic pressure 
taps are less than 0.1%. 


Probe support 


Fig. 1 The tested axial compressor 


Probe support 
l Rotor blade 


Fig.2 Measurement layout 
Results and discussion 


Effects of probe support on the stability margin of the 
compressor 


The experiment is carried out at the rotational speed of 
900 r/min both before and after inserting the probe sup- 
port. The overall compressor performance in terms of the 
static pressure rise coefficient and the mass flow coeffi- 
cient is shown in Figure 3. 

The mass flow coefficient (ọ), pressure rise coefficient 
(Cp), and the stability margin (S.M.) are defined as fol- 
lows: 


Pout — Pin 
= ——— (1) 
0.5pUt 
o = (P0 — Ps0)/ p/Ut (2) 
S.M.= (Ses 7 | x100% (3) 
CPp/Pp 


Where Pin is the averaged static pressure at 150% 
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chord upstream from the rotor leading edge, Pout is av- 
eraged static pressure at 250% chord downstream from 
the rotor trailing edge, PO is the atmospheric pressure, 
PsO is the inlet static pressure on the endwall, Ut is the 
rotor blade tip tangential velocity, Cps and Ọs are the 
pressure rise coefficient and mass flow coefficient at sta- 
bility limit condition respectively, Cpp and @p are the 
pressure rise coefficient and mass flow coefficient at de- 
sign point respectively. 

As seen from Figure 3, the compressor enters into un- 
stable operating point at the condition of @=0.512 (Cp= 
0.542) before placing the probe support, while the com- 
pressor enters into unstable operating point at the condi- 
tion of g=0.515 (Cp=0.54) after placing the probe sup- 
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Fig. 3 Overall static pressure rise characteristics 
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port. Hence, the stability margin (S.M.) of the compres- 
sor before installing the probe support is 25.1%, and it is 
23.9% after installing the probe support. So the stall 
margin of the compressor is lowered by 1.2% due to the 
presence of the probe support. 


The stall characteristics of the compressor before in- 
stalling probe support 


The dynamic compressor behaviors from near-stall to 
full stall are obtained by throttling the compressor. As 
wavelet [10] is a great tool to analyze the raw signal both 
in time-domain and in frequency-domain, here wavelet 
analysis is applied to obtain the stall characteristics in- 
cluding stall inception pattern, intensity and frequency of 
rotating stall, etc. 

Figure 4 depicts a segment of the original data series 
(a), the corresponding wavelet spectrum (b) and Fouri- 
er-based power spectrum (c) for probe PO before instal- 
ling probe support. The data segment was taken from —30 
rotor revolutions (30 revolutions prior to stall onset) to 
30 rotor revolutions. 

Figure 5 is the variation of mass flow coefficient with- 
in the throttling process. By observing these two figures, 
one can see that the mass flow coefficient changes slowly 
between -30 and -8 rotor revolutions, and the distur- 
bances are weak within this time period. The mass flow 
coefficient drops quickly from -8 to 0 rotor revolutions, 
and this is in correspondence with the rapid increasing of 
the perturbation intensity aroused by modal wave. There 
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Fig. 4 Signal of the stall inception process 
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Fig.5 Variation of mass flow in the stall inception process 


is a sharp decrease of mass flow coefficient at 0 rotor 
revolutions, which signifies the stall onset of the com- 
pressor. Then the compressor enters a region named as 
‘the frequency mixing region (FMR)’ proposed by NIE 
Chaoqun, from 0 to 5 rotor revolutions marked with 
black dashed-line. The disturbances aroused by modal 
waves developed into two rotation stall cells within this 
time period. The mass flow coefficient continues to drop 
in the following throttling process, but it was reduced 
much slower than before. The mass flow coefficient al- 
most stays the same from about 37 rotor revolutions, 
which indicates that the compressor comes into com- 
pletely full stall. 

In Figure 6(a), the original pressure signals from all 
eight probes between -6 to 3 rotor revolutions are placed 
side-by-side. Figure 6(b) shows the wavelet spectrum 
from 0 to 4 rotor revolutions. The signal from probe PO is 
placed at both the bottom and top to represent the cyclic 
placement of the probes. Two disturbances (A and B) are 
clearly shown in Figure 6, and the intensity of distur- 
bance A is much bigger than B. Both the disturbances A 
and B traveled around the compressor annulus from 
probe to probe at 71% rotor speed before the onset of 
rotating stall. With the increasing of both scale and inten- 
sity, the disturbance A grows into a stall cell at 0 revolu- 
tion firstly. The intensity of disturbance B is increasing 
rapidly at the same time. In the following 2 revolutions, it 
develops into a stall cell whose intensity and scale is the 
same with stall cell A. The two stall cells propagate at 
67% rotor speed, which is a little lower than the rotation 
speed of the former disturbances. The 134% frot (frot 
means rotating frequency) shown in Figure 4(c) is the 
double passing frequency of the two stall cells. 


The stall characteristics of the compressor after in- 
stalling probe support 


Figure 7 gives the same kind of results as Figure 4 af- 
ter installing the probe support. Figure 8 is the variation 
of mass flow coefficient within the throttling process. 
One can see clearly that the mass flow coefficient was 
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reduced slowly between -30 and -15 rotor revolutions, 
which indicates that the compressor is still in stable op- 
eration conditions within this time period. The distur- 
bances aroused by modal wave are increasing in intensity 
at a large scale from -15 to 0 rotor revolutions, causing 
the mass flow coefficient drops quickly. The rapid shift 
of mass flow coefficient at 0 rotor revolution signifies the 
stall onset of the compressor, and the compressor enters 
into the frequency mixing region (FMR) at the same time. 
Within the time period of about 2 rotor revolutions, the 
disturbances are merged into a large stall cell. However, 
this large stall cell is not stable, and the compressor en- 
ters into the frequency mixing region (FMR) again at 
about 15 revolutions. Within the time period of 10 rotor 
revolutions, the single stall cell splits into two stall cells 
completely. The following process is almost the same as 
that before installing the probe support. The compressor 
enters into completely full stall from about 45 rotor rev- 
olutions. 

In Figure 9, the original pressure signals and corres- 
ponding wavelet spectrum from all eight probes between 
-2 to 3 rotor revolutions are placed side-by-side. One can 
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Fig.6 Development and propagation of stall cell 
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Fig. 7 Signal of the stall inception process 
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Fig.8 Variation of mass flow in the stall inception process 


also see two disturbances (A and B) in Figure 9, and the 
intensity of disturbance A is much higher than B. what’s 
different is that the disturbance A is slowed down ever 
since it passes through P4, while the disturbance B is 
almost not affected. With the deceleration of disturbance 
A, the two disturbances are merging gradually along with 
traveling around the compressor annulus. Finally, the two 
disturbances merged into a single stall cell at about 2 
rotor revolutions. The single stall cell travels at 67% ro- 
tor speed. One could find that the turning point P4 is lo- 
cated closest to the probe support, so it is sure that the 
deceleration of disturbance A is the result of the interac- 
tion of the wake generated from the probe support. As 
shown in Figure 9, the intensity of disturbance B is much 
weaker than disturbance A, so the propagation of distur- 


bance B is almost not affected by the interaction with the 
wake generated from the probe support. 

Figure 10 gives the original pressure signals and cor- 
responding wavelet spectrum from all eight probes be- 
tween 10 to 17 rotor revolutions. One can see clearly that 
the single stall cell began to split at about 13 rotor revo- 
lutions at probe P3. The single stall cell splits into two 
stall cells in the following 2 rotor revolutions. The two 
stall cells also propagate at 67% rotor speed, which is the 
same with that before installing probe support. The 67% 
frot shown in Figure 7(c) corresponds to the passing fre- 
quency of the single stall cell, while the 134% frot cor- 
responds to the passing frequency of the two stall cells. 
Note that the intensity of the two stall cells is larger than 
that of the single stall cell, as the amplitude of the raw 


pressure signal is higher after the splitting of the stall cell. 


Taking a close look at both Figure 4 and Figure 7, one 
could find that the raw pressure signals after the com- 
pressor entering into full stall are the same before and 
after installing the probe support. 

In conclusion, the presence of probe support lowers 
the initial intensity and frequency of rotating stall, but it 
doesn’t alter the final intensity and frequency of rotating 
stall. This is in accordance with the ‘M-G’ model [11-12], 
which points out that stall characteristics of a compressor 
is related with the systematic characteristics of the com- 
pressor (volume of the plenum, flow area, damping cha- 
racteristics of the throttle, etc), while the presence of 
probe support which occupying 0.8% of the whole flow 
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Fig.9 Stall cell merging process 


area is actually an external perturbation, which is merely 
capable of urging the compressor to enter into rotating 
stall in advance, but doesn’t change the natural characte- 
ristics of the compressor. 


Conclusions 


(1) The presence of probe support lowers the stability 
margin by urging the compressor to enter into unstable 
condition in advance. 

(2) The stall inceptions are aroused by modal waves 
both before and after installing the probe support, which 
means that the presence of probe support doesn’t alter the 
stall incepting pattern. 

(3) The two disturbances developed into two stall cells 
smoothly before installing probe support, and it lasts for 
about 45 revolutions from stability limit to full stall. 

(4) The two disturbances first developed into a single 
stall cell then the single stall cell splitting into two stall cells 
after installing the probe support. It lasts for a bit longer 
(about 60 revolutions) from stability limit to full stall. 
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Fig. 10 Stall cell splitting process 


(5) The intensity of the initial rotating stall is lowered 
after placing the probe support, but the intensity of the 
final rotating stall is the same with that before installing 
probe support. 

This paper presents the effects of probe support on the 
stall characteristics of a compressor. Future studies will 
be centered on how to reduce the effects and how to re- 
vise the measurement error. 
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